The organization of living cells is based on networks of interacting molecules. Systematic analysis of protein interactions of 3-aa loop extension (TALE) homeodomain proteins, fundamental regulators of plant meristem function and leaf development, revealed a highly connected, complex network. The network includes nine members of Arabidopsis thaliana ovate family proteins (AtOFPs), a plant-specific protein family, indicating a close functional connection to TALE homeodomain proteins. Evidence is provided that AtOFP1 is an essential pleiotropic developmental regulator. At-OFP1 and AtOFP5 are shown to associate with the cytoskeleton and to regulate subcellular localization of TALE homeodomain proteins, suggesting a previously unrecognized control mechanism in plant development.
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cytoskeleton ͉ network modules ͉ protein-protein interactions ͉ BELL proteins ͉ KNOX proteins N etworks of molecular interactions are central to the functional organization of living cells. Graph-theoretical analysis of data sets obtained from large-scale expression profiling, metabolome analysis, and protein interaction mapping reveals universal characteristics in the architecture of complex networks, allowing us to deduce hierarchies and higher-level organizational principles of biological systems (1) . Comprehensive protein interaction data of yeast, Caenorhabditis elegans, and Drosophila melanogaster support the idea that protein complexes and͞or dynamic functional units are reflected in the network topology in the form of locally highly interconnected modules (2) (3) (4) . Functional predictions based on modules represent, in turn, testable hypotheses guiding the investigation of complex cellular functions.
Similar to their function in animal development, homeobox genes of the 3-aa loop extension (TALE) superfamily -class I and II Knox and Bell genes -play a central role in plant developmental processes (5, 6) . Morphological events are correlated with precisely regulated spatiotemporal patterns of TALE gene expression (7) , and corresponding cis-regulatory elements present in promoters and introns of these genes have been identified (8) .
In animals, additional cofactors are essential for TALE protein activity and subcellular localization (9, 10) . In plants, no such cofactors have been described so far. Similar to PREP͞ MEINOX proteins in animals, KNOX and BELL proteins form heterodimers that are thought to constitute the functional entities regulating plant development (11) (12) (13) . KNOX͞BELL heterodimerization is implicated in nuclear import of plant TALE proteins and has been shown to increase DNA-binding affinity and specificity (13) (14) (15) . Further, the capacity of tobacco and potato TALE proteins to bind regulatory sequences of the gibberellin (GA) hormone-synthesizing gene GA20-oxidase1 was interpreted as evidence of KNOX protein-mediated negative regulation of GA biosynthesis in the meristem (15) (16) (17) .
Despite recent progress, the molecular function of TALE homeodomain proteins is still poorly understood. Here, we present a comprehensive survey of TALE protein interactions that result in a network with the characteristics of a functional module. Members of a previously unrecognized plant protein family [Arabidopsis thaliana ovate family proteins (AtOFPs)] are included in this module. Evidence is provided that these proteins control the intracellular localization of TALE proteins and are important regulators of plant development.
Materials and Methods
Plasmid Construction and Yeast Methods. Full-length cDNAs of TALE genes were obtained by RT-PCR and cloned into pACTattR and pAS-attR vectors (J.F.U., unpublished data) by using the Gateway system (Invitrogen). Transformation of Saccharomyces cerevisiae AH109 and large-scale yeast two-hybrid screens were performed as described in ref. 18 . Accession numbers of TALE and OFP genes are listed in the legend of Fig. 5 , which is published as supporting information on the PNAS web site.
Network Analysis. Graphs were drawn by using a modified Fruchterman-Reingold graph layout algorithm as implemented in the PAJEK 0.97 program package (http:͞͞vlado.fmf.uni-lj.si͞ pub͞networks͞pajek). Network parameters were calculated as described in refs. 2 and 19.
Plant Transformation and Culture. AtOFP1 cDNA was cloned into pLEELA (M. Jakoby, unpublished data) containing a double 35 S promoter. Vectors were electroporated into Agrobacterium tumefaciens GV3101. A. thaliana Col-0 plants were transformed by using the floral-dip method (20) . Plants were selected for BASTA resistance and grown under long-day greenhouse conditions. For expression in tobacco, AtOFP1 cDNA was cloned into pLX222-attR (J.H., unpublished data). Nicotiana tabacum cv. SR1 plants were transformed by Agrobacterium-LBA4404-mediated leaf disk transformation (21) . Calli were selected on Murashige and Skoog (MS) medium containing 100 mg͞liter kanamycin. T-DNA (transferred DNA) insertion lines were obtained from the SALK collection (22) .
RT-PCR Analysis. Five micrograms of total RNA from leaves were used for cDNA synthesis with an oligo(dT) primer and Stratascript RT (Stratagene). Thirty PCR cycles were performed by using primers specific for AtGA20ox1 (AtGA20ox1-F, GCAbbreviations: AtOFP, Arabidopsis thaliana ovate family protein; TALE, 3-aa loop extension; GA, gibberellin; T-DNA; transferred DNA; YFP, yellow fluorescent protein; RFP, red fluorescent protein.
CGTA AGT T TCGTA ACA ACATCTCC; AtGA 20ox1-R, GAGAGAGGCATATCA A AGA A GCGG) and R AN3 (RAN3-F, ACCAGCAAACCGTGGATTACCCTAGC; R-AN3-R, ATTCCACAAAGTGAAGATTAGCGTC). Experiments were conducted at least three times with three independent RNA preparations.
Transient Expression of Proteins. TALE, AtOFP1, and AtOFP5 cDNAs were cloned into pBatTL vectors (K.R., unpublished work) containing a double 35 S promoter, a translation enhancer, and a GFP or red fluorescent protein (RFP) tag, respectively. Leaves of 3-to 5-week-old Nicotiana benthamiana plants were coinfiltrated with A. tumefaciens LBA4404 strains containing the pBatTL constructs and a viral silencing suppressor gene, respectively, according to ref. 23 . Localization of fluorescent proteins was monitored 3-7 days after infiltration, the period when RFP fluorescence was optimal, by using a confocal laser scanning microscope (Zeiss LSM510͞ConfoCor 2).
Results and Discussion
An Interaction Network of TALE Homeodomain Proteins. We have used a large-scale yeast two-hybrid technology to systematically analyze the interactions of A. thaliana TALE homeodomain proteins. A combination of cDNA-library screenings and an all-against-all pairwise interaction test revealed a densely connected network of interactions between and within the two TALE families ( Fig. 1 a and b) . Every member of the KNOX family has at least one interaction partner amongst the BELL proteins and vice versa, supporting the notion that BELL͞ KNOX heterodimerization plays a general role in TALE protein function. In addition, several homo-and heterodimerizations within each TALE family, including dimerizations of BELL proteins not previously described, have been detected ( Fig. 1 a  and b) , bearing implications for further functional TALE complexes. Our experimental setup, however, failed to detect one interaction published previously (BEL1͞KNAT5) (12) and revealed interactions between TALE proteins previously suggested to not interact (BLH9͞KNAT3 and BLH9͞KNAT5) (14) . These discrepancies presumably are due to the differences in the yeast two-hybrid systems used (LexA-or Gal4-based) and͞or the stringency of selection. The number of shared interactions might be taken as a crude measure of the overlap in two proteins' functions. Therefore, the dense TALE network indicates potential functional redundancy amongst TALE proteins, which might account for the fact that null mutations in TALE genes frequently do not exhibit obvious aberrant phenotypes (unpublished data). Apart from TALE͞TALE interactions, we identified a number of additional proteins forming a homogenous, highly interconnected network ( Fig. 1 b, c, and d) . Significantly, this network involves nine members of a previously unrecognized plant-specific protein family denominated AtOFPs.
TALE Homeodomain Proteins and AtOFPs Interact in Vivo.
To confirm protein-protein interactions in vivo, we applied the bimolecular fluorescence complementation technique (24, 25) . Selected TALE proteins (BLH1 and BLH7) and AtOFP1 were fused to an N-terminal (YFP-N) or a C-terminal (YFP-C) fragment of yellow fluorescent protein (YFP), respectively. Transient coexpression of these fusion constructs in agroinfiltrated N. benthamiana leaves revealed homodimerization of BLH1, homodimerization of AtOFP1, and heterodimerization of BLH1 with AtOFP1 in vivo by reconstitution of fluorescence of the split YFP. However, no fluorescence was detected when either of the constructs was coexpressed with negative controls or when AtOFP1-YFP-C was coexpressed with BLH7-YFP-N, a BELL protein shown in yeast to not interact with AtOFP1 (Fig. 6 , which is published as supporting information on the PNAS web site).
The very close interconnectedness of AtOFPs in the network hint at a central role of these proteins as regulators or cofactors of TALE homeodomain proteins in plants. AtOFPs are characterized by a conserved C-terminal domain shared with the tomato OVATE protein (Fig. 5a) , and most members of this family contain a predicted nuclear localization signal. In tomatoes, a premature stop codon abolishing most of the conserved C-terminal domain of the OVATE protein has been shown to cause pear-shaped fruit development. Tomato lines ectopically expressing the ovate gene exhibit pleiotropic developmental aberrations (26) .
Network Topologies Indicate a Close Functional Connection of TALE Homeodomain Proteins and AtOFPs. Functional modules emerging from a network representation of protein interactions are locally highly interconnected clusters on the mesoscale level; i.e., they comprise between 5 and 50 elements (2). The TALE cluster, consisting of 34 proteins (nodes in the network) with an average node degree of 9.7, has characteristics similar to functional modules in large-scale protein interaction networks. The mean clustering coefficient, the number of observed interactions between the neighbors of a node divided by the number of possible interactions (19), indicates a high degree of local clustering (Fig.  1b) . The density of the entire ''TALE module,'' measured by the parameter Q ϭ 2m͞n * (n Ϫ 1), where m is the number of edges and n is the number of nodes in the module, is exceptionally high and, according to the statistical analyses by Spirin and Mirny (2), can be considered significant, indicating a close functional association of the components of the TALE module. The core of the cluster is formed by four BELL and two KNOX proteins (BLH1, BLH3, BLH4, BLH10, KNAT5, and KNAT6), exhibiting the highest mutual clustering coefficients and forming a fully connected hexagon motif (Q ϭ 1; Fig. 1c) . Ranking of the clustering coefficients places AtOFPs in high positions of the hierarchy in the TALE module. AtOFP1, AtOFP2, and AtOFP4 form a quasi-clique (Q ϭ 0.86) with the six TALE proteins indicated (Fig. 1c) . AtOFP5 is integrated in a highly connected quasi-clique with seven BELL proteins (Fig. 1d) , but it does not interact with any of the KNOX proteins. Taken together, the data indicate that the TALE network is an evolutionary conserved module, providing strong evidence for a close functional link between TALE proteins and the AtOFP family.
To identify the interaction domains of A. thaliana TALE proteins and AtOFPs, nested deletion constructs were analyzed by using the yeast two-hybrid system. The single conserved domain of the AtOFPs, the C-terminal 60-70 aa, was found to mediate the interaction with the homeodomains of both BELL and KNOX proteins (data not shown). Involvement of homeodomains in both DNA-binding and protein-protein interactions has previously been observed in metazoan proteins, indicating a potential general role of this domain in cofactor binding (27, 28) .
The BELL and KNOX families of the TALE proteins have split early in plant evolution (12, 29) . The finding that four AtOFPs interact with members of both TALE families supports an ancient functional connection that is conserved despite the fast turnover of interactions in proteome evolution (30) . Evolutionary conservation of BELL and KNOX interactions with AtOFPs is corroborated by our observation that a number of TALE proteins from barley, a monocot plant species, can interact with AtOFPs (data not shown).
AtOFP1 Is Essential for Pollen Function.
To address a possible functional involvement of AtOFP1 in TALE protein-dependent developmental processes, we analyzed three independent A. thaliana lines with T-DNA insertions in the single exon and in the 5Ј upstream region (Fig. 5b) . Among Ͼ200 individuals analyzed, no plants homozygous for the T-DNA insertion were obtained upon selfing of heterozygous plants, strongly supporting the conclusion that the AtOFP1 gene is required for essential (Fig. 2) . Plants were stunted and characterized by thickened stems, delayed development, and general shortening and thickening of all aerial parts. Leaves were irregularly heart-shaped and lobed and displayed curved surfaces (Fig. 2 a, b, and e) . Anthers were short with a thick filament, and style and stigma protruded from the flower (Fig. 2 c and d) ; siliques were short and uneven and produced few seeds (Fig. 2f ) . Identity, number, and order of floral organs, however, were unchanged. Tobacco plants expressing AtOFP1 from the CaMV35S promoter displayed similar phenotypical alterations (Fig. 2g) . We conclude that the coordinated growth of plant organs or their parts, known as allometry, is hindered in AtOFP1-overexpressing plants, supporting a hierarchically high-ranking role of this gene in plant growth and shape regulation.
Aberrant leaf phenotypes of Knox-overexpressing plants have been shown previously to be at least partially caused by decreased levels of bioactive gibberellins due to a direct repression of the GA20-oxidase1 gene (15) (16) (17) . To examine whether ectopically expressed AtOFP1 acts in this functional context, expression of all A. thaliana Bell and Knox genes and of the GA20-ox1 gene in wild-type A. thaliana and in plants overexpressing AtOFP1 were analyzed. Whereas the transcript accumulation of TALE genes was unaffected, expression of the GA20-ox1 gene was decreased by 80% compared with the wild-type level (Fig. 2h) . This result agrees with the view that a hormonal imbalance in AtOFP1-overexpressing plants contributes to their particular phenotype and suggests that AtOFP1 regulates TALE protein-mediated processes at the posttranslational level rather than the transcriptional level.
AtOFPs Regulate Subcellular Localization of TALE Proteins. To get insights into the mechanism of the functional interaction between TALE proteins and AtOFPs, their subcellular localization was analyzed by means of transient expression of fluorescently tagged proteins in N. benthamiana leaves. Both AtOFP1-GFP and AtOFP5-GFP accumulated in subnuclear structures, presumably nucleoli, and associated with structures reminiscent of the cortical cytoskeleton ( Fig. 3a ; see also Fig. 7d , which is published as supporting information on the PNAS web site). Visualization of the actin and tubulin cytoskeleton by using GFP-tagged MAP4 or talin, respectively, and the application of the actin depolymerizing drug cytochalasin D suggest that these structures correspond to microtubules (Fig. 3 b, c, and d) . In contrast, BELL and KNOX proteins such as BLH1 and KNAT1 were located exclusively in the nucleus but not in the nucleolus (Figs. 4 a and b and 7 a and b) . Coexpression of RFP-tagged BLH1 or KNAT1 with AtOFP1-GFP resulted in a relocalization of the TALE proteins from the nucleus to the cytoplasmic space. Colocalization with AtOFP1 occurred in discrete punctate structures apparently aligned with the cytoskeleton and in peripheral regions of the cytoplasm (Figs. 4c and 7c) . A similar alteration of the subcellular distribution of BLH1 was observed upon coexpression with AtOFP5 (Fig. 7e) . Recruitment of BLH1-RFP to the cytoplasmic space was consistently observed in four independent infiltration experiments with Ͼ60 cells coexpressing BLH1 and AtOFP1 analyzed in each experiment. The relocalization depends on the interaction of AtOFP1 with specific BELL or KNOX proteins; AtOFP1-GFP had no effect on the localization of BLH7-RFP, a BELL protein unable to interact with AtOFP1 (Fig. 4d) . Similarly, coexpression of BLH1 with a truncated AtOFP1 protein lacking the conserved Cterminal domain did not alter the intracellular localization of BLH1, confirming the significance of the protein interaction for the observed effects (Fig. 7a) .
Microtubule-dependent intracellular localization is an important means to control the activity of TALE proteins and other transcription factors in animals (10, 31) . Our results strongly suggest a similar regulatory mechanism to modulate plant TALE protein action. The AtOFPs can be considered previously unidentified cofactors linking TALE protein function and cytoskeleton-dependent subcellular localization. In addition to implications for the regulation of cell-autonomous functions of TALE proteins, the identification of AtOFPs will be instrumental in elucidating the molecular machinery underlying the frequently reported capacity of plant KNOX proteins to rapidly move from cell to cell (32) (33) (34) .
In conclusion, our study demonstrates that a network approach that revealed a functional module linking TALE proteins with AtOFPs is suitable to identify previously unrecognized regulatory components of complex biological processes. The central and highly crosslinked position of AtOFPs in the network corresponds to a fundamental role of the exemplarily investigated AtOFP1 in plant development. At the phenotypic level, the TALE-AtOFP1 interactions seem to be central in the maintenance of intraorgan and interorgan allometric relationships. AtOFP1 is an essential gene that therefore might be overlooked in systematic forward mutant screenings. The intriguing finding is that AtOFPs, as shown for AtOFP1 and AtOFP5, provide a link to microtubule-dependent regulation of subcellular localization of homeodomain proteins. Our findings open the possibility of investigating the integration of TALE homeodomain protein function in the multilayer intracellular and intercellular networks on a molecular level.
